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Figure S2. Determination of the Absolute Hand of DNA-PKcs
Average phase residuals for 191 particles recorded with a tilt of 15° using the DNA-PKcs cryoEM reconstruction and tilt-transformed orientation parameters of the corresponding untilted particles images following the method of Rosenthal and Henderson (Rosenthal and Henderson, 2003) . Tilt transformations of up to +/-20° along the x and y axes were tested. A clear minimum was observed at RotX=0°, RotY=-15°, whereas a simulated dataset put through the same procedure yielded a minimum at RotX=0°, RotY=15°. Therefore the hand of the DNA-PKcs cryoEM reconstruction was flipped and the corrected hand is shown in all figures. (Goldenberg et al., 2004) . The Cand1 model is rainbow colored with the N-terminal residues in blue and the C-terminal residues in red. The top scoring CoLoRes position is shown, which has a Laplacian correlation score of 5.0E-02. The cryoEM density is shown with an isosurface value that encloses 100% of the expected volume.
Note that significant regions of the homology model extend outside of the density, indicating that if DNA-PKcs has 24 contiguous HEAT repeats they must not follow the same superhelical arc as 
Supplemental Experimental Procedures

Image Processing
The final dataset included 284,453 particle images selected from the 253kX micrographs and 71,682 from the 397kX micrographs. CTFFIND3 (Mindell and Grigorieff, 2003) was used to find initial defocus and astigmatism values for each micrograph. These parameters were later refined on an individual particle basis with FREALIGN (Grigorieff, 2007) . During the final rounds of refinement the particle image box size was 300x300 pixels with a 1.7 Å-to-pixel ratio for the 253kX data and a 1.5 Å-to-pixel ratio for the 397kX data. This particle image box size was calculated to include displaced 5Å information for images up to -3 μm defocus, or displaced 10Å information for images up to -6 μm defocus (Rosenthal and Henderson, 2003) .
Particle images in the first small dataset were phase flipped with CTFIT routine in EMAN (Ludtke et al., 1999) and aligned by multi-reference alignment (MRA). An initial density map of DNA-PKcs was generated using angular reconstruction methods and the C1-startup algorithms in IMAGIC-V (van Heel et al., 1996) . This initial structure was refined with the EMAN refine command to 15 Å resolution at FSC 0.5 threshold. This structure showed good agreement with the individual particle images and contained features consistent with the first cryoEM structure of DNA-PKcs (Chiu et al., 1998) .
The full dataset of 356,135 particle images was split into 53 stacks, each approximately 2GB in size, for data manageability and integrity. Data flow was controlled with a series of Cshell scripts that generated subdirectories and FREALIGN submission scripts, and controlled the submission of jobs on multiple processing platforms (Linux cluster, Unix workstations, SGI Altix all running 64-bit operating systems). FREALIGN was used to perform an exhaustive Euler angle search with a 20° angular spacing (IFLAG=-3) using the 15 Å resolution DNA-PKcs 7 structure as the input 3D map. At this point a bimodal distribution of phase residuals was observed. To improve the parameters for the particles with the highest phase residuals, a modified version of FREALIGN was used to enter starting X and Y translational shifts in the range of 5 to 20 pixels to effectively test different particle centers while performing additional exhaustive angle searches (IFLAG=3). This approach resulted in 90% of the particle images with phase residuals below our target value. threshold. The final reconstruction was also recalculated with a larger outer mask radius (RI=120 Å rather than 78 Å, which just surrounds the DNA-PKcs particle density). The map with the larger mask radius used as input to the RMEASURE resolution assessment program (Sousa and Grigorieff, 2007) , which indicated a resolution of 7.7 Å at the FSC 0.5 threshold and 5.6 Å at the FSC 0.143 threshold.
Hand Determination for the DNA-PKcs Structure
A small set of cryoelectron micrographs were collected at a magnification of 253kX as tilt pairs, which yielded 191 selected particle images with two projection views (0° and +15°) for each particle. Untilted and tilted (+15° and +30°) micrographs of a PtIr test grid were also 8 collected at the same magnification. Fourier analysis of the PtIr micrographs with the Gatan Digital Micrograph software package indicated the approximate position of the tilt axis in the micrograph and also which corner of the micrograph had the smallest and which had the largest underfocus value. We take for granted that a larger underfocus value implies that this region of the sample was closest to the CCD camera. The physical axis systems of the compustage and the microscope room were related to that of two micrograph display packages (Digital Micrograph and EMAN) by noting the physical sense of rotation for a +15° compustage tilt and by determining which end of the compustage tilt axis is closest to a physical point in the room (the door). The latter step was achieved by mounting a grid with a number "1" imprinted on the edge in a defined orientation.
UCSF Chimera (Pettersen et al., 2004) and EMAN were used to create a simulated tilt pair dataset for a test molecule, Cand1/TIP120, with a distinctive overall handedness (PDB 1U6G) (Goldenberg et al., 2004) . In Chimera an array of 12 molecules in various orientations was created. This array was saved as a PDB file, converted to an MRC density file with the EMAN Pdb2Mrc routine, and projected with the EMAN Project3d routine to create a simulated untilted micrograph. This procedure was repeated to create a tilted micrograph with the array of 12 molecules rotated as a unit in Chimera by 15° about approximate tilt axis found for 253kX micrographs. In order to simulate a +15° compustage tilt the correct direction of the rotation was determined by carefully comparing the laboratory and Chimera axes systems. In our case, the corner of the array in which the coordinates moved toward higher z-values in Chimera represented the corner of the sample which moved closer to the CCD camera and were imaged in the corner of the micrograph with the largest underfocus value. Particle images were selected from the simulated untilted and tilted micrographs and put the computational procedure to 9 determine hand (using FREALIGN and ANGPLOT) developed by Rosenthal and Henderson (Rosenthal and Henderson, 2003) . A clear minimum in the average phase residual was observed for RotX=0°, RotY=15°.
When the actual cryoEM tilt pair dataset of 191 particle images was put through the same computational procedure, a clear minimum in the average phase residual was found for RotX=0°, RotY=-15° (Supplementary Fig. 2 ). This indicated that the hand of the DNA-PKcs reconstruction at that point in the refinement was the mirror image of the true hand. Thus the hand of the final DNA-PKcs reconstruction was flipped with IMAGIC-V for display purposes and for molecular fitting experiments.
Secondary Structure Prediction and Molecular Fitting
Three secondary structure prediction web servers, PsiPred (McGuffin et al., 2000) , JUFO (Meiler and Baker, 2003) and SAM (Karplus et al., 2005) , were used to estimate the number of α-helices of 8 or more residues in the DNA-PKcs sequence (4128aa). PsiPred indicated 134 α-helices of 8 or more residues and with a confidence level of at least 5. JUFO and SAM numbers were within +/-20%.
HHpred (Soding et al., 2005) , MODELLER (Sali and Blundell, 1993) , and PHYRE (Kelley et al., 2000) were used to find and build homology models for regions of DNA-PKcs.
Extended regions in the kinase domain model produced by MODELLER were removed before molecular fitting. The CoLoRes routine in SITUS (Chacon and Wriggers, 2002) was used to for molecular fitting of homology models in the cryoEM density. Both the Laplacian and standard volumetric correlations were tried, although the best results were obtained with the Laplacian correlation. Six dimensional searches were performed with an angular sampling step of 10° followed by Powell minimization for the top solutions.
HEAT repeat models evaluated included human Cand1 (PDB 1U6G aa344-955) (Goldenberg et al., 2004) and yeast importin-β (2BPT chain A aa1-669) (Liu and Stewart, 2005) .
PFT repeat models included farnesyltransferase (alpha subunit) (1D8D chain A aa55-377) (Long et al., 2000) . Kinase domain models included wild boar phosphatidylinositol-3 kinase γ (PI3Kγ) (1E7U, aa448-894, aa546-881, aa569-1035, or aa588-1077) (Walker et al., 2000) and human PI3Kγ (1E8Y, chain A aa510-1009) (Walker et al., 2000) . FAT domain models included human farnesyl pyrophosphate synthetase (1YV5) (Kavanagh et al., 2006) , E. coli MalT domain III (1HZ4) (Steegborn et al., 2001) , and the tetratricopeptide repeat (TPR) domain of O-linked GlcNac-transferase (1W3B chain A aa30-382) (Jinek et al., 2004) . The FAT-C domain was modeled with the yeast TOR1 FAT-C domain (1W1N) (Dames et al., 2005) . Other homology models tested included a FRAP domain model from fkbp-rapamycin associated protein (2FAP chain B aa108-201) (Liang et al., 1999) and a NUC domain model from exportin Cse1p (1WA5 chain C aa596-764) (Matsuura and Stewart, 2004) .
Imaging of a DNA-PKcs Monoclonal Antibody Complex
DNA-PKcs was incubated with mAb 25-4 (Ab-2, Clone 25-4) for 2 hours. Protein was absorbed to solid carbon coated EM grids and negatively stained with 0.75% uranyl formate.
Electron micrographs were collected on an FEI Tecnai 12 (120kV, LaB 6 ) microscope equipped with a Gatan UltraScan 1000 (2k x 2k) CCD camera. Electron micrographs were collected with a nominal magnification was 67,000X, which resulted in 3 Å-to-pixel on the molecular scale after binning by a factor of 2. 3,915 particle images of the DNA-PKcs/mAb25-4 complex were selected for image processing. Image processing was performed with EMAN using the cryoEM structure of DNA-PKcs filtered to 25Å resolution as the initial 3D model.
